1. Introduction {#s0005}
===============

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-mediated COVID-19 has emerged during the late 2019 and caused a serious public health threat, forcing the WHO to announce the SARS-CoV-2 outbreak as a pandemic \[[@bb0005]\].

SARS-CoV-2, as a member of the coronavirus family, is an enveloped virus containing a positive-sense single-stranded RNA molecule \[[@bb0010]\]. SARS-CoV-2 exhibits approximately 80.0% and 50.0% genetic similarity with SARS-CoV and MERS-CoV, respectively \[[@bb0015]\]. The principal structural proteins of SARS-CoV-2 are spike (S), membrane (M), envelope (E), nucleocapsid (N) proteins and some accessory proteins \[[@bb0010]\] ([Fig. 1](#f0005){ref-type="fig"} ). The S protein of SARS-CoV-2 plays a central role in the viral entry into host type 2 alveolar cells that express its receptor angiotensin-converting enzyme 2 (ACE2) \[[@bb0020],[@bb0025]\]. The SARS-CoV-2-related S protein binds to ACE2 with an affinity 10--20 fold stronger than that of SARS-CoV \[[@bb0030],[@bb0035]\]. The SARS-CoV-2-related S protein is also larger than the SARS-CoV-related S protein, and its receptor binding domain is different \[[@bb0015]\]. However, dipeptidyl peptidase 4 is used by MERS-CoV to enter host cells \[[@bb0040]\]. SARS-CoV-2 may also utilize antibody-dependent internalization \[[@bb0020]\] implying antibody-mediated neutralization may not be easily achieved by immunotherapy or prophylactic vaccination strategies. The ACE2 expression has also been reported by the endothelial cells of the blood vessels and by epithelial cells of the lung, intestine, heart, and kidney \[[@bb0045]\]. The clinical manifestations of COVID-19 appear after an incubation of about 5 days with a range of 2 to 14 days \[[@bb0050]\]. The duration from the start of COVID-19 symptoms to death varied from 6 to 41 days with a median of 14 days. This duration is affected by the age and immune status of patients \[[@bb0055]\]. Patients with underlying diseases, including diabetes, hypertension, malignancy, chronic respiratory and cardiovascular problems are more susceptible to COVID-19 \[[@bb0060]\]. However, milder clinical symptoms were reported in children, when innate immunity is highly effective \[[@bb0060]\].Fig. 1Structure of SARS-CoV-2.SARS-Cov-2 belongs to the family of RNA viruses with other members including SARS-CoV and MERS-CoV. These viruses have characteristic crown-like-protrusions spike proteins (S) used to gain entry into the host cells and thereby inflict the respiratory disease COVID-19. ACE-2 is the host receptor mediating this process of internalization. Protease ACE-2 mediates the cleavage of spike protein which then releases an epitope that allows the subsequent fusion of the virus with the host cells. Inside the host, SARS-CoV-2 thrives in epithelial cells of lungs, kidneys, small intestines, and endothelial cells within arteries and veins. The viral genome is composed of a positive sense (+) RNA (\~30 kb). The coronavirus group-2 also has hemagglutinin--acetylesterase (HE) glycoprotein that has an affinity to bind with sugar moieties on the cell membranes. The RNA-dependent-RNA polymerase can switch templates during the replication, a highly error-prone process. The virus envelope protein plays a central role in virus morphogenesis and assembly and its interaction with other viral proteins. The nucleocapsid (N), Spike (S), Envelope (E), and Membrane (M) structural proteins embedded into a lipid bilayer are the characteristic hallmarks of the SARS-CoV-2. For the virus to replicate into the host cells in inserts its RNA into the cells like monocytes and macrophages and takeovers the cellular machinery to produce new virions.Fig. 1

COVID-19 patients exhibit clinical symptoms such as fever, nonproductive cough, dyspnea, myalgia, fatigue, and radiographic reports of pneumonia that resemble the symptoms of SARS-CoV and MERS-CoV infections \[[@bb0055],[@bb0065]\]. The pathogenicity of SARS-CoV-2 is low compared to SARS-CoV and MERS-CoV, so that the fatality rate of COVID-19 (about 2.3%) is lower than SARS (about 9.5%) and MERS (about 34.4%) \[[@bb0010],[@bb0015],[@bb0040]\]. Severe cases of COVID-19 have lower numbers of lymphocytes, higher numbers of leukocytes, greater neutrophil-lymphocyte-ratio, as well as smaller proportions of monocytes and eosinophils \[[@bb0005],[@bb0070]\]. The COVID-19 also invades the central nervous system to induce neurological abnormalities. Coronaviruses can primarily invade peripheral nerves, but may be transported retrogradely to the CNS \[[@bb0075]\]. Reportedly, ACE2 expression in the CNS provides a direct route for SARS-CoV-2 to enter the brain \[[@bb0080]\] establishing a causal relationship with the respiratory failure in COVID-19 patients \[[@bb0075],[@bb0080]\]. Certain manifestations- loss of smell, taste, ataxia and convulsions- are associated with neurological deficits in COVID-19 patients \[[@bb0075]\].

While the COVID-19 pathogenesis remains to be clarified, its similarities with SARS-CoV and MERS-CoV pathogenesis may provide insights into SARS-CoV-2 pathogenesis \[[@bb0030]\]. The coronavirus-associated severe pneumonia is usually related to rapid replication of the virus, extensive aggregation of inflammatory cells, elevated production of inflammatory mediators and the virus-induced immunopathology contributes to acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) \[[@bb0085],[@bb0090]\]. The inflammatory response may play protective or destructive roles during infection with SARS-CoV-2 \[[@bb0085], [@bb0090], [@bb0095]\].

Monocytes constituting about 5--9% of the total peripheral leukocytes, remain in the circulation for 1--2 days, following which these cells may differentiate to tissue-resident macrophages \[[@bb0100]\]. Macrophage as an essential immune cell is widespread throughout the body, including the respiratory system. The primary activities of the macrophage include phagocytosis, antigen presentation, secretion of cytokines, production of antibacterial compounds and releasing enzymes that remodel the extracellular matrix \[[@bb0105]\]. However, the improper hyperactivation of macrophages may contribute to the development of immuno-pathologic reactions \[[@bb0100],[@bb0110]\].

The lung injury of SARS-CoV-infected patients appears to happen directly through viral disruption of alveolar and bronchial epithelial cells and macrophages, and indirectly via triggering inflammatory mediators \[[@bb0115]\]. Both infected- and uninfected-macrophages exist in large numbers in the lungs of severe SARS patients \[[@bb0120],[@bb0125]\] and are causally related to the severity of coronavirus infections. In this review, we discuss possible macrophage-mediated inflammatory responses in SARS-CoV-2 infection and propose potential therapeutic interventions for attenuating macrophage-related inflammatory reactions.

2. Monocyte/macrophage-mediated anti-viral responses {#s0010}
====================================================

Macrophages express various types of pattern recognition receptors (PRRs). Therefore, they are able to identify viral-related pathogen-associated molecular pattern molecules (PAMPs) \[[@bb0130]\]. In mucosal pulmonary infections, alveolar macrophages and epithelial cells lining the airways, provide the initial sources of type I IFNs, while plasmacytoid DCs secrete type I IFNs when viruses pass the local barrier and become systemic \[[@bb0130]\]. The viral-related double-stranded RNA is a potent inducer of IFNs and macrophages serve as a major source of IFN-α and IFN-β in response to viral infections \[[@bb0135]\]. For RNA viruses such as coronavirus, the viral-related RNAs are detected by either the endosomal TLR3 and TLR7, or the cytosolic viral RNA sensors, such as RIG-I/MDA5 leading to IRF-3-, IRF-7-, and NF-κB-mediated expression of type I IFNs (such as IFN-α and IFN-β), and other pro-inflammatory cytokines \[[@bb0140]\]. IFN-IFNR interactions trigger the anti-viral activity of IFNs by activating the receptor-associated tyrosine kinases (TYK2 and JAK1) that in turn, phosphorylate the Signal Transducers and Activators of Transcription (STAT) molecules. The STAT phosphorylation triggers their homo- and heterodimerization, and their transportation to the nucleolus. STAT1 and STAT2 are recognized as the principle IFN-stimulated transcription factors. The STAT1-STAT2 heterodimer interacts with IRF-9 to create the IFN-stimulated gene (ISG) factor 3 (ISGF3) that triggers the ISG expression ([Fig. 2](#f0010){ref-type="fig"} ). The ISG products directly exert anti-viral activities by interfering with viral replication and transmission \[[@bb0140]\]. Although, IFN response can be protective in SARS-CoV and MERS-CoV infections, the type I IFN-mediated anti-viral response is inhibited in both infections \[[@bb0145],[@bb0150]\]. SARS-CoV and MERS-CoV use a number of strategies to inactivate signals that cause type I IFN production. The dampening of type I IFN-mediated anti-viral responses strongly relates to disease severity \[[@bb0020],[@bb0085]\]. SARS-CoV and MERS-CoV trigger the formation of vesicles that lack PRRs, preventing the dsRNA recognition by host PRRs \[[@bb0155]\]. At the induction phase of type I IFNs, SARS-CoV and MERS-CoV interfere with the signaling pathways located downstream of cytoplasmic RNA sensors \[[@bb0145]\]. SARS-CoV inhibits type I IFNs expression by human monocyte-derived DCs and macrophages through IRF-3 inactivation \[[@bb0160],[@bb0165]\]. It also interrupts the IL-28 and IL-29 production, which are considered as the members of IFN-λ family \[[@bb0165],[@bb0170]\]. Once type I IFN is secreted, both viruses suppress IFN signaling by preventing STAT-1, IRF-3, and IRF-7 activation \[[@bb0150]\]. Both structural (such as M, N) and non-structural (ORF) proteins of viruses contribute to the suppression of type I IFN response \[[@bb0020],[@bb0150]\] ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2SARS-CoV-2 intracellular signaling and potential targets for immunoevasion and host cells particularly macrophages elicit a variety of antiviral immunity genes shown above.The induction of TLR2 (via S protein), TLR3, TLR7, TLR8 (via virus-derived RNA following internalization process) leads to the expression of the pro-inflammatory mediators and IFNs through induction of the transcription factors NF-κB, IRF3, and IRF7. Viral-derived RNAs activate PKR- and OAS-related anti-viral pathways. The cytoplasmic sensors such as MAD-5 and RIG-1 also recognize various types of virus-derived RNAs and signal through adaptor MAVS/ISP-1 (located on our membrane of mitochondria). SARS-CoV-2 affects the cells of the innate immune system in particular monocytes, macrophages, and dendritic cells. These cells of the innate system play a crucial role in curbing the viral replication through the induction of Type-I IFNs assisted with the complement proteins and natural immunoglobulins against viral epitopes. These cellular responses (induction of proinflammatory mediators and IFNs Type-I, III) are tightly regulated by a series of intracellular signaling pathways elicited by surface receptors like TLRs, DC-SIGN, FcRs, and ACE-2 and TMPRSS2. Upon the viral entry into the host cells (via the clathrin-dependent internalization or ACE-2 mediated internalization) the spontaneous unloading of viral RNA is a subsequent step that follows. The viral RNA triggers the activation of intracellular RNA sensors like RIG-1 and MDA-5 each operating with distinct RNA conformations. RNA sensors then interact with MAVS that initiates Type-1 IFN signaling by activating the nuclear translocation of NF-κB and IRF3. The oligomeric RIG-1-CARD assembly and the polymeric formation of MAVS act as a signalosome for conducting the viral sensing signals further, which bifurcates into the activation of TRAF-2/6 to activate IKK complex and NF-κB activation. The other branch signals through TRAF-3 and activates the TANK/IKKγ/IKKε/TBK1 complex that acts as activators of IRF-3/7. Altogether the IRF-3/7 activation along with NF-κB drives the IFN and proinflammatory gene expression with the help of CREB-binding protein/p300 and transcription factors c-Jun and ATF-2. The IFN synthesized and secreted this way acts on the distant cells (paracrine) mode for spreading anti-viral immunity and in autocrine modes to fortify the intracellular viral clearance. SARS-CoV-2, however, attenuates these signaling pathways at various interception nodes. SARS-CoV proteins like ORF-9b may attenuate this antiviral response through targeting of MAVS by seizing poly (C)-binding protein 2 (PCBP2) and the HECT domain E3 ligase AIP4 to trigger the degradation of MAVS (not shown) along with TRAF-3 and TRAF-6. While ORF6 is reported to antagonize the STAT-1 function by sequestering its nuclear import factors. SARS-ORF-3b, ORF-6, and nucleocapsid protein function to antagonize interferon production. Besides this, the host mRNA destabilizing functions of NSP-1 are also reported. However, Nsp1 protein suppresses IFN-β mRNA accumulation without inhibiting IRF3 dimerization. Similarly, SARS-CoV NSP-15 inhibits MAVS-induced apoptosis sustaining the intracellular viral presence. SARS-CoV N protein can activate AP-1 but not the NF-κB signaling pathway. SARS-CoV proteins have been shown to inhibit the JAK-STAT pathway in the infected cell that responds to the Type-I IFNs secreted from bystander/neighboring cells. STAT-1-STAT-2-heterodimers combines with the IRF-9 to form the ISGF3 complex. This complex is crucial for the activation of genes harboring ISRE in their promoter regions. Viral protein ORF-6 blocks the nuclear import of ISGF3 by reducing the available import factor KPNB1 (Kβ1). Accordingly, various types of the IFNs are secreted from viral-infected cells that may induce various anti-viral restriction factors (such as OAS, PKR, viperin tetherin, IFITM, RNase L, GTPase, TRIM, ADAR1, APOBEC, and others) following binding to their receptors. Coronavirus-derived nonstructural protein also contributes to abrogate IFN expression or IFN-related signaling pathways. SARS-CoV-derived N protein can inactivate anti-virus restriction factor TRIM25 (RING-finger E3 ubiquitin ligase that controls RIG-I ubiquitination and IFN-β production). MAVS/ISP-1-related pathways may cause apoptosis through the induction of the caspases-mitochondria-mediated pathway.Fig. 2

Accessory protein 4a of MERS-CoV interferes with expression of IFNs by preventing the MDA5 activation and blocks IFN-mediated ISG expression by suppressing the protein kinase R-related pathways \[[@bb0145]\]. ORF4a, ORF4b, ORF5, and M proteins of MERS-CoV prevent IRF-3 and IRF-7 activation and block IFN-β production \[[@bb0145]\]. The remarkably lower type I IFN response and Th1 cell activity have been reported in a COVID-19 patient with poor outcome than in a recovered patient \[[@bb0175]\]. SARS-CoV-2 may adopt similar strategies to modulate the IFN anti-viral response \[[@bb0020]\]. In vitro experiments indicated that SARS-COV-2 exhibits higher vulnerability to type I IFN compared to SARS-COV. SARS-CoV-2 does not interfere with type I IFN-mediated STAT-1 phosphorylation \[[@bb0180],[@bb0185]\] SARS-CoV-2 infection induces weak type I- and III IFN responses and reduced ISG expression \[[@bb0190]\]. Although most SARS-CoV-2- and SARS-CoV-related proteins exhibit more than 90.0% sequence homology, ORF3b, ORF6 and nsp3- all of which prevent IFN response- display relatively small amino acid homology \[[@bb0180]\]. SARS-CoV-2-derived ORF3b suppresses the expression of T1 IFN more efficient compared to that of SARS-CoV \[[@bb0195]\]. The identification and targeting of the IFN escape pathways used by SARS-CoV-2 are prominent for effective COVID-19 management \[[@bb0030]\].

In SARS and MERS mouse models, the delayed type I IFN response impairs the viral control accompanied by hyperinflammation, massive infiltration of neutrophils and macrophages (the main producers of pro-inflammatory cytokines), apoptosis of T lymphocytes, and apoptosis of epithelial and endothelial cells, which eventually leading to ARDS \[[@bb0185]\]. The mild and moderate SARS-CoV-2 infection has been associated with a powerful type I IFN response, characterized by the potent ISGs expression in the BALF samples of COVID-19 patients \[[@bb0185]\]. Moreover, type I IFN is detected in plasma samples collected from COVID-19 patients during the first week of disease \[[@bb0185],[@bb0200]\]. However, IFN is not produced by about 20% of patients \[[@bb0185]\]. Furthermore, patients with mild and moderate COVID-19 exhibit greater type I IFN response during 8 to 12 days compared to severe patients \[[@bb0185]\]. Accordingly, the clinical COVID-19 outcome may be influenced by the time and extent of IFN response. The absence of IFN response in macrophages may allow viral replication to continue leading to severe respiratory infection during the first week of illness. The ensuing adaptive immune response faces the task of clearing a widespread infection, thus exacerbating the disease pathology \[[@bb0165]\].

Following the Th subset paradigm and based on the cultures of macrophages and in tumors, these cells are categorized into two principle subtypes, including M1 macrophages, which secrete great quantities of proinflammatory cytokines (such as IFN-γ, TNF-α, IL-6, and IL-12), nitric oxide and reactive oxygen species (ROS), whereas M2 macrophages release large concentrations of anti-inflammatory cytokines such as IL-10, TGF-β and IL-1 receptor antagonist \[[@bb0205],[@bb0210]\]. M2 macrophages may be more subcategorized to M2a, M2b and M2c types which are induced from non-polarized macrophages via stimulation with IL-4/IL-13, immune complexes plus TLR agonists, and IL-10/TGF-β/glucocorticoids, respectively \[[@bb0215]\]. The M2d type (mentioned only in mice) can be induced from M1 macrophage via stimulation with adenosine \[[@bb0215]\]. The microenvironment of tissues under pathological and physiological circumstances can also influence the activity of the macrophages. Instead of a separate bipolar M1/M2 model, a vast range of macrophage activation states has been proposed to exist in resident tissues \[[@bb0220],[@bb0225]\]. Therefore, as the monocytes migrate to different tissues and differentiate to macrophages under the local environmental factors, macrophages can widely vary in their phenotypic and functional characteristics. For example, certain lung M1- and M2-like phenotypes with differential markers were identified in COVID-19 patients and healthy individuals \[[@bb0230]\].

According to experimental investigations using animal models of respiratory syncytial virus (RSV) infection, it has been proposed that the lung macrophage polarization toward an M1-like phenotype contributes to the control of viral replication \[[@bb0220]\]. In several viral respiratory diseases such as SARS and influenza, the virus infection causes significant depletion of macrophages (mainly M1-like phenotypes) via apoptosis and necrosis that facilitate the viral replication \[[@bb0220]\]. However, the balanced activation of M2-like phenotype is essential to limit the RSV-mediated immunopathologic reactions \[[@bb0220],[@bb0235]\]. Liao et al. indicated that the bronchoalveolar lavage fluid (BALF) from patients with severe COVID-19 infection contained higher frequencies of FCN1^+^- and FCN1^lo^ SPP1^+^ macrophages (M1-like macrophages), while BALF from patients with moderate infection and healthy controls contained a higher frequency of FABP4^+^ macrophages (M2-like macrophages) \[[@bb0230]\].

In addition to inducing the antiviral response, type I IFNs can control the macrophage polarization \[[@bb0220]\]. Type I IFNs may cause M1-like type polarization through STAT-1 and STAT-2-related signaling pathways, while they can lead to M2-like macrophage polarization via STAT-3 and STAT-6-related pathways \[[@bb0220],[@bb0225]\]. Accordingly, in the presence of type I IFNs, the high expression of STAT-1 and STAT-2 in macrophages leads to their polarization toward M1-like type, while the high expression of STAT-3 and STAT-6 in macrophages causes their polarization toward M2-like type \[[@bb0220],[@bb0225]\]. Using an animal model of PRRSV infection, it was reported that STAT1--6 genes are expressed in alveolar macrophages, however, the gene expression of STAT1 and STAT2 was significantly increased (10--200 folds) compared to other STATs after virus infection \[[@bb0220]\]. It has been proposed that macrophages express differently various ratios of STAT molecules according to their tissue microenvironment and functional status, and IFNs perform a dual role in M1- and M2-like macrophage polarization \[[@bb0220]\]. However, macrophage-tropic viruses have been equipped with mechanisms to divert macrophage polarization in their favourite direction. For example, HIV can divert macrophage polarization toward M2-like type through the induction of IL-4 and IL-10 production \[[@bb0220]\]. Several types of DNA viruses induce M2-like macrophage polarization through encoding analogue IL-10 (vIL-10) \[[@bb0240]\]. Depending on the virus type, the polarization of macrophages toward M2-like type may contribute to the viral infection persistence through dampening effective anti-virus immune responses \[[@bb0220]\]. Moreover, the overproduction of the pro-inflammatory cytokines or cytokine storm may covert macrophages into an over-inflamed phenotype that can contribute to pathologic reactions \[[@bb0220]\]. The involvement of multiple factors and their downstream transcription factors in macrophage differentiation suggest that the macrophage subsets strict polarization into M1-type and M2-type is unlikely and that such rigidity would run against the principle of cellular plasticity to optimize the need-based regulation of biological responses. The kinetics of the macrophage polarization during the various stages of COVID-19, its association with pathogenesis and its orientation in the favourite direction need to be evaluated in future studies.

3. SARS-CoV-2 infects monocytes and macrophages {#s0015}
===============================================

A subgroup of peripheral CD14^+^ monocytes and macrophages separated from healthy individuals express ACE2 \[[@bb0245]\] that is used by SARS-CoV to infect these cells despite low or no replication \[[@bb0250]\]. SARS-CoV also enters into ACE2 non-expressor leukocytes \[[@bb0255],[@bb0260]\]. The C-type lectin receptors- liver/lymph node-specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN) or DC-specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN) and antibody-mediated internalization can provide further routes for cellular infection by SARS-CoV \[[@bb0265],[@bb0270]\]. HCoV-229E effectively infects and kills DCs leading to a delay in the induction of adaptive anti-viral immune response, providing time for viral replicate in the host \[[@bb0275]\].

The MERS-CoV infects the blood monocyte-derived macrophages (MDMs) and DCs \[[@bb0280]\]. MERS-CoV exhibits poor replication but strong induction of antiviral responses (IFN-λ1, CXCL10 and Mx) in human MDMs and DCs \[[@bb0285]\]. MERS-CoV efficiently replicates inside MDMs and overcomes the host innate immunity \[[@bb0290]\]. The MERS-CoV-infected phagocytes can act as reservoirs and transporters of virus, assisting the viral replication and dissemination \[[@bb0290]\].

The potential mechanisms of SARS-CoV-2 entry into host cells along with its life-cycle are summarized in the [Fig. 3](#f0015){ref-type="fig"}A. The SARS-CoV-2 may use same or similar routes as utilized by SARS-CoV and MERS-CoV to infect host MDMs. As mentioned above, a certain population of CD14^+^ monocytes and macrophages derived from healthy individuals express ACE2 \[[@bb0245]\]. Thus, the monocytes and macrophages in patients with COVID-19 may be directly infected by SARS-CoV-2 \[[@bb0245]\]. The monocytes with vacuolated appearance were indicated in COVID-19 patients \[[@bb0245]\]. The numbers of classical monocytes (CD14^++^CD16^−^) decrease, but the numbers of intermediate (CD14^++^CD16^+^) and non-classical (CD14^+^ CD16^++^) monocytes increase in COVID-19 patients \[[@bb0245]\]. Upon infection, monocytes alter the cytokine/chemokine secretion patterns, differentiate into macrophages and migrate to the tissues to become infected resident macrophages \[[@bb0105]\]. Alternatively, infected apoptotic epithelial cells can be phagocytosed by macrophages to get infected. The Trojan horse phenomena and direct cell-to-cell syncytial contacts allow viruses to spread through all organs and tissues \[[@bb0105]\]. Despite the limited ACE2 expression on alveolar macrophages \[[@bb0295]\], immunohistochemical staining showed the presence of the SARS-CoV-2 antigens in the alveolar epithelial cells and macrophages \[[@bb0300]\]. Other receptors such as CD147 may mediate the entry of SARS-CoV-2 into T cells \[[@bb0305]\], however, the CD147 expression by monocytes and macrophages from COVID-19 needs validation.Fig. 3A. The steps in the life-cycle of SARS-CoV-2 are summarized along with the potential mechanism of entry into the host cells. Possible interventions using drugs and their targets during the SARS-CoV-2 life cycle are depicted. Specific signaling proteins that are targets of inhibition to suppress the host immunity are also depicted.The SARS-CoV-2 can infect its target cells through ACE2-dependent and ACE2-independent (including virus binding to cell surface molecules CD147, DC-SIGN, and L-SIGN; endocytosis of virions or virus-containing apoptotic bodies, and attachment of the virus-coated IgG to FcR). The SARS-CoV-2-related RNA molecules are recognized by intra-cellular PRRs including endosomal TLR3, TLR7 and TLR8; and cytoplasmic sensors including MDA5 and RIG-I. These PRR-mediated signaling pathways eventually may lead to the expression of Type I- and Type III interferons. However, coronaviruses interfere with IFN production through inactivating of the IRF-3. The binding of the SARS-CoV-2-related S protein to the surface TLR2 and the attachment of the virus-coated IgG to FcγRIIA lead to the expression of the pro-inflammatory cytokines and chemokines via induction of the NF-κB and MAPK-related pathways, respectively. The RNA transcription, translation, viral protein synthesis, viral assembling, viral budding to ER, viral transportation into Golgi vesicles, and exocytosis of infective virions are key steps in the cycle life of coronaviruses, that may be targeted by therapeutic agents.Key to the life cycle of SARS-CoV-2 inside the host cells (monocytes and macrophages along with other cell types): 1.a. Virus entry via ACE-2 mediated endocytosis; 1.b. virus entry through membrane fusion (following binding with ACE-2 and TMPRSS2); 2. release of the viral genome; 3. translation of viral polymerase protein; 4. RNA replication; 5. translation of viral structural proteins (S, M, E) via ER bound ribosomes and nucleocapsid (N) in the cytoplasm; 6. virion assembly at ERGIC; 7. formation of mature virion inside Golgi vesicle; 8. release of infective virions via exocytosis.The drugs (experimental/repurposed) that are currently prescribed the management of COVID-19 are mentioned above in green boxes. Each of these drugs/antibodies have specific intervention points where they either inhibit- the viral proteins or crucial process like viral entry, translation of viral proteins, assembly of new virions and viral budding, etc. thereby suppressing the multiplication of SARS-CoV-2. An extended list of such drugs is presented in [Table 1](#t0005){ref-type="table"}.B. Involvement of monocytes/macrophages in the pathogenesis of SARS-CoV-2 the elicitation of mediators of the Cytokine storm is shown.The mild COVID-19 and moderate COVID-19 were associated with the effective expression of type I IFNs and ISGs in the lungs. Thus, an appropriate local IFN response in the respiratory system can control SARS-CoV-2 infection accompanied by mild and moderate forms of the disease. However, a lower proportion of the SARS-CoV-2-infected patients exhibit severe symptoms. It was proposed, when the viral load is high and the primary local IFN response is failed, the SARS-CoV-2 enters the blood from the lungs and attacks organs expressing high levels of ACE2. The SARS-CoV-2-infected monocytes and macrophages can produce large amounts of numerous types of pro-inflammatory cytokines and chemokines which contribute to the local tissue inflammation and cytokine storm. Both local tissue inflammation and cytokine storm play a key role in the development of COVID-19-related multi-organ failure which causes death in some COVID-19 patients.Fig. 3

It should be mentioned that monocytes may have some limitations to support viral dissemination, such as short lifespan and inability to establish viral replication. The capability of SARS-CoV-2 to overcome these limitations, perhaps through enhancing the monocyte survival and differentiation of infected monocytes into productive long-lived macrophages, needs to be clarified in future studies. After the differentiation of the infected monocytes to tissue macrophages, viral replication can then begin, causing progeny virions that can infect the surrounding cells. Although, the SARS-CoV-2 persistence in the monocytes may be short-term without detectable viral replication, the SARS-CoV-2-infected monocytes can produce large amounts of inflammatory mediators that support COVID-19-associated complications.

4. Antibody-dependent infection of monocytes and macrophages {#s0020}
============================================================

Antiviral neutralizing antibodies play a key role in viral clearance, but the antibody-dependent enhancement (ADE) happens when anti-viral antibodies fail to neutralize the virus \[[@bb0310],[@bb0315]\]. ADE facilitates viral internalization and enhances target cell infection by binding of virus-antibody complex to FcR \[[@bb0310]\]. Both neutralizing- and non-neutralizing antibodies may trigger ADE \[[@bb0320]\]. ADE has been demonstrated in infections with certain types of viruses such as dengue viruses, Zika virus, Ebola virus, HIV, and influenza virus \[[@bb0310]\]. In some coronavirus-related infectious diseases, passive transfer of antibodies or prior immunity, increase the disease severity \[[@bb0325]\].

In the presence of vaccine-induced antiviral antibodies, SARS-CoV shows a higher tendency toward primary human leukocytes, which do not express the typical receptor for the virus. Anti-coronavirus antibodies can increase viral replication in macrophage cultures \[[@bb0330]\]. The anti-S antibody promotes the SARS-CoV infection of monocytic and lymphoid immune cell lines and human macrophages \[[@bb0335]\]. After the initiation of viral gene transcription and viral protein synthesis, the replication process is halted without the generation of the progeny virus \[[@bb0340]\]. ADE via FcγRIIA (CD32A) was more prominent than with FcγRIIB, as these receptors have an immunoreceptor tyrosine-based activation motif (ITAM) and immunoreceptor tyrosine-based inhibitory motif (ITIM), respectively \[[@bb0340]\]. As alveolar macrophages express high levels of FcγRIIA, the FcγRIIA-mediated ADE may play a key role in the COVID-19 pathogenesis \[[@bb0320]\]. The FcγRIIA is expressed by alveolar macrophages and once is ligated by IgG molecules, it signals through ITAM inducing pro-inflammatory cytokines such as IFN-γ, TNF-α, IL-1, and IL-6 \[[@bb0320]\] prompting the use of tocilizumab (an IL-6 receptor antagonist) in COVID-19-related clinical trials \[[@bb0320]\]. The targeting of the FcγRIIA-related downstream signaling elements such as the Src family of tyrosine kinases may also attenuate the inflammatory responses \[[@bb0320]\].

Primary inflammatory responses to SARS-CoV occur prior to the appearance of anti-virus antibodies and are mediated by viral replication, viral-mediated ACE2 downregulation, host anti-viral inflammatory responses and cellular death through apoptosis and/or pyroptosis \[[@bb0345]\]. Secondary inflammatory responses develop after the generation of anti-virus antibodies limiting viral replication. However, the binding of the virus-Ab complex to FcR can lead to the accumulation of pro-inflammatory M1 macrophages in the lungs escalating lung injury through secretion of inflammatory chemokines MCP-1 and IL-8 \[[@bb0345]\]. The binding of the virus-anti-S-IgG complex to FcR present on monocytes/macrophages induces pro-inflammatory responses and therefore, FcR blockade reduces the production of inflammatory cytokines \[[@bb0350]\].

In Chinese macaques vaccinated with SARS-CoV-derived S protein, the acute lung injury was more severe than in unvaccinated control animals \[[@bb0350]\]. In SARS-CoV infected macaques, the development of anti-S IgG prior to viral clearance promotes the MCP-1 and IL-8 production in the lungs and enhances the recruitment of pro-inflammatory alveolar macrophages, and abrogates the wound-healing responses that result in serious lung injury \[[@bb0345],[@bb0350]\]. The adoptive transfer of the anti-S IgG to macaques reduces viral loads after subsequent challenge with SARS-CoV but caused significant alveolar damage than the control animals \[[@bb0350]\]. Similar observations concerning the SARS-CoV vaccine-induced lung damages have also been reported in mice and African green monkeys \[[@bb0355],[@bb0360]\]. The greater lung infiltration of eosinophils, and elevated levels of IL-5 and IL-13 have been also reported in MERS-CoV-vaccinated mice following challenge infection \[[@bb0365]\].

The patients who died from SARS exhibited similar inflammatory responses, lack of wound healing-related macrophages, and quicker production of anti-virus antibody. Their sera increased the SARS-CoV-mediated IL-8 and MCP-1 secretion by human wound healing-related macrophages \[[@bb0350]\]. Indeed, in SARS-CoV infected patients, the development of ARDS accompanied with antiviral IgG seroconversion in 80% of patients \[[@bb0370]\] and the patients who developed the anti-S antibody faster had a higher chance of dying from the disease \[[@bb0375]\]. Collectively, the coronavirus-specific antibody may increase the uptake of viruses by macrophages through interaction with FcR, resulting in the activation of macrophages and the secretion of chemokines and other cytokines, which contribute to the immunopathogenesis and disease enhancement.

5. Monocytes/macrophages-mediated inflammatory responses in COVID-19 {#s0025}
====================================================================

5.1. Monocytes/macrophages-mediated local tissue inflammation {#s0030}
-------------------------------------------------------------

Although, SARS-CoV is unable to induce potent IFN-α and INF-β response in human macrophages, it induces CXCL10, CCL2 CCL3 (MIP- 1α), CCL7 (MCP-3), and CCL8 (MCP-2) in macrophages contributing to the pathogenesis of SARS \[[@bb0250],[@bb0380]\]. Furthermore, in non-productive infection of DCs, SARS-CoV induces the expression of CXCL10, CCL2, CCL3, CCL5, and TNF-α \[[@bb0250],[@bb0380]\].

SARS-CoV-infected monocytes exhibit inflammatory responses and changes in the expression of immune-related genes \[[@bb0385]\]. Pro-inflammatory cytokines, including GM-CSF, IFN-α, IL-6, and TNF-α trigger the monocytes differentiation to macrophages \[[@bb0385]\]. Treatment of peripheral blood monocytes with S protein increases the expression of CXCL10, CXCL11, CCL15, CCL16 and CCL19. The expression of CCR5 (the receptor for CCL5, CCL4, CCL3), XCR1, Lymphotoxin-β receptor, IL-10RA and IL17R was also increased \[[@bb0385],[@bb0390]\]. The viral S protein-treated monocytes increase TLR2-activated NF-κB-mediated secretion of MIP-1β, IL-1β, IL-8, IL-6 and TNFα and attract neutrophils, monocytes, natural killer (NK)-, T-, and B cells to the infection site to instruct the initial adaptive immunity \[[@bb0390]\]. A truncated S protein induces the TNF-α and IL-6 expression in a murine macrophage cell line \[[@bb0395]\]. Higher blood levels of CXCL10 and CCL2- the chemotactic factor for monocytes/macrophages- have been detected in patients with SARS \[[@bb0165],[@bb0400]\]. These cells could be M2 macrophages promoting SARS-CoV-associated lung pathology \[[@bb0405]\]. The SARS-CoV-mediated chemokine production induces a cycle of monocyte/macrophage recruitment in a synergistic manner, that leads to the immunopathology \[[@bb0165]\]. Both CCL2 \[[@bb0410]\] and CXCL10 \[[@bb0415]\] can suppress hematopoietic progenitor cell growth, which may contribute to lymphopenia, a prominent event in SARS \[[@bb0165]\]. Similarly, CCL2 and CXCL10 may contribute to the SARS-CoV-2-associated lymphopenia, that is observed in severe cases of COVID-19 \[[@bb0070]\].

MERS-CoV-infected macrophages contribute significantly to the development of MERS symptoms \[[@bb0290]\]. MERS-CoV replication in the macrophages results in extreme cytotoxicity and induces the expression of pro-inflammatory mediators which may promote MERS-related complications \[[@bb0420]\]. MERS-CoV-infected macrophages secrete pro-inflammatory chemokines and cytokines such as IL-1β, IL-6 and CXCL8 \[[@bb0280]\]. MERS-CoV infection in MDMs and DCs leads to the release of IL-2, IL-3, CCL2, CCL3 and RANTES in humans \[[@bb0280]\] or CXCL10, CCL5, IL-12, and IFN-γ, although no IFN-β and low IFN-α levels were measured in mouse \[[@bb0425],[@bb0430]\]. MERS-CoV-infected human plasmacytoid DCs, produce large amounts of type I and III IFNs, in particular IFN-α, although the viral replication was abortive \[[@bb0435]\]. The expression of chemokines such as CXCL10, CCL2, CCL3, CCL5 and CXCL8 is also upregulated by abortively MERS-CoV-infected DCs and macrophages that may contribute to the influx of monocytes/macrophages into the infected tissues \[[@bb0430]\] causing tissue damage via promoting leukocyte aggregation in the lower parts of the respiratory tract \[[@bb0290]\]. The infiltration of macrophages and neutrophils in the lung tissues of the MERS-CoV-infected rhesus macaques \[[@bb0440]\] and the progression of pneumonia severity and respiratory dysfunction in MERS patients are attributed to the cytokine/chemokine induction \[[@bb0445]\].

Excessive upregulation of the neutrophil-attractant chemokines (CXCL1, CXCL2, CXCL8, CXCL10, CCL2 and CCL7) and monocyte-attractant chemokines (such as CCL2, CCL3, CCL4, CCL7, CCL8, CCL20, CXCL6 and CXCL11) has been reported in BALF samples from COVID-19 patients \[[@bb0185]\]. These chemokines can perform a crucial role in the development of pulmonary dysfunction by recruiting leukocytes in the lungs \[[@bb0185]\].In COVID-19, the infiltrated leukocytes in alveoli were mainly macrophages and monocytes \[[@bb0300]\]. There were also intermediate numbers of multinucleated giant cells with lower numbers of eosinophils, neutrophils and lymphocytes \[[@bb0300]\]. The alveolar septum-related blood vessels were congested, edematous and widened, with a modest aggregation of monocytes and lymphocytes \[[@bb0300]\]. Liao et al. indicated that the severe and moderate COVID-19 patients had higher frequency of macrophages (M1-like macrophages) in BALF and higher CXCL9, CXCL10 and CXCL11 concentrations compared to healthy individuals. However, CXCL16 concentrations were greater in moderate patients than in severe infection \[[@bb0230]\]. Thus, lung macrophages in severe COVID-19 infection may play a more important role in promoting local inflammation by recruiting inflammatory cells.

Macrophages can often crosstalk with the ACE2-expressing cells, in several organs such as the lung, liver and stomach. The CD74 is expressed on the macrophages and serves as a receptor for MIF (migration inhibitory factor), which participates in inflammatory responses \[[@bb0450]\]. SARS-CoV-2-infected cells can interact with macrophages in the lung, stomach and liver. Macrophages attracted by SARS-CoV-2-infected cells through CD74-MIF interaction and other pathways may play destructive or protective functions \[[@bb0450]\]. Therefore, the targeting of SARS-CoV-2-induced chemokines in the monocytes, macrophages, and DCs may attenuate the inflammatory responses and prevent organ failure ([Fig. 3](#f0015){ref-type="fig"}B).

5.2. Monocytes and macrophages potentiate cytokine storm {#s0035}
--------------------------------------------------------

Sudden and quickly advancing clinical exacerbation has frequently been reported in the late stages (about 7--10 days) of COVID-19 which is associated with the cytokine storm \[[@bb0185]\]. Despite some differences in cytokine patterns between patients with COVID-19, SARS and MERS, it seems that the cytokine storm plays a key role in the development of SARS-CoV-2-related complications such as ARDS \[[@bb0020],[@bb0030],[@bb0455]\]. Elevated circulating quantities of IL-1β, IL-2, IL-7, IL-9, IL-10, IL-17, G-CSF, GM-CSF, IFN-γ, TNF-α, CXCL8, CXCL10, MCP1, MIP1A and MIP1B have been detected in the COVID-19 patients, especially in those needing ICU facilities \[[@bb0460]\]. Many of these cytokines and chemokines from monocytes/macrophages can escalate the pathogenesis. In COVID-19 patients, the total number of monocytes/macrophages in peripheral blood may not vary between SARS-CoV-2-infected patients and healthy individuals, but there is a greater proportion of activated monocyte/macrophage in patients. The severely affected COVID-19 patients display a significantly higher proportion of larger monocytes \[[@bb0245]\]. These monocytes exhibit the CD14, CD11b, and CD16 expression, along with elements related with both M1 and M2 polarization, that secrete IL-6, IL-10, and TNF-α \[[@bb0245]\]. There is also a higher proportion of CD14^+^ CD16^+^ inflammatory monocytes in COVID-19 patients compared to healthy individuals \[[@bb0465],[@bb0470]\]. The proportion of CD14^+^CD16^+^ monocytes is much higher in more serious pulmonary complications \[[@bb0245]\]. The proportion of GM-CSF and IL-6-producing monocytes is higher in severe patients, representing as association with cytokine storm \[[@bb0245]\]. The Th1 cell-derived GM-CSF can activate the monocyte/macrophage leading to the development of the IL-6-secreting CD14^+^CD16^+^ monocytes, which may migrate to the lungs and induce subsequent lung damage along with the cytokine storm \[[@bb0245]\]. SARS-CoV-2 infection may also cause pyroptosis in macrophages and lymphocytes \[[@bb0475]\]. In SARS-CoV infection, viroporin-3a activates the NLRP3 inflammasome and induces IL-1β secretion by macrophages, indicating the possible induction of pyroptosis \[[@bb0480]\], which can cause the release of large amounts of pro-inflammatory factors.

Collectively, the SARS-CoV-2-mediated local tissue inflammation accompanied by systemic cytokine storm can lead to multiple organ failure, leading to death in some COVID-19 patients ([Fig. 3](#f0015){ref-type="fig"}B).

6. Angiotensin induces inflammatory responses in monocytes and macrophages {#s0040}
==========================================================================

ACE2 is a type I transmembrane protein, whose enzymatic domain placed on the outer surface of cells where angiotensin II is converted to angiotensin 1--7 \[[@bb0485]\]. Angiotensin 1--7 is a vasodilator and acts as a modulator of the renin- angiotensin system (RAS) \[[@bb0485]\]. ACE2 reduces the angiotensin II levels, which have directly pro-inflammatory and pro-oxidant properties. ACE2 thus plays a pivotal role in the modulation of excessive inflammatory responses \[[@bb0485],[@bb0490]\]. ACE2 exerts beneficial effects in a number of pathological situations, including SARS-CoV-2 infection, as it directly protects the lungs against ARDS \[[@bb0495]\]. The ACE2-mediated virus internalization is facilitated by the host membrane cell TMPRSS2 protease, which primes the viral S protein to allow the virus to enter the cell \[[@bb0485],[@bb0495]\]. Virus-mediated ACE2 downregulation can diminish its activity, attenuate its anti-inflammatory properties, and reinforce the angiotensin II impacts in the susceptible patients \[[@bb0485]\]. Under inflammatory conditions, the transmembrane disintegrin ADAM17 can also cleave the membrane-linked ACE2, which releases ACE2 into circulation or interstitium \[[@bb0490],[@bb0500]\].

ACE2 expression by monocytes/macrophages from COVID-19 patients is significantly lower than healthy individuals \[[@bb0245]\]. SARS-CoV S-protein downregulates ACE2 and induces the shedding of catalytically active ACE2 ectodomain \[[@bb0505]\]. SARS-CoV infection, as well as inflammatory cytokines such as IL-1β and TNF-α, can enhance ACE2 shedding \[[@bb0505]\]. The soluble ACE2 may be directly contributed to the inflammatory reactions of SARS-CoV, and perhaps SARS-CoV-2 \[[@bb0490]\]. The reduced activity of pulmonary ACE2 was related to the ALI/ARDS \[[@bb0490],[@bb0495]\]. The reduced ACE2 expression enhances vascular permeability, increases lung edema, increases neutrophil accumulation, and diminishes lung function \[[@bb0510]\].

7. Monocytes and macrophages as targets for therapeutic interventions {#s0045}
=====================================================================

As mentioned above, monocyte- and macrophage-derived cytokines and chemokines can play a crucial role in the COVID-19 pathogenesis. Resident alveolar macrophages play a protective role during the early phase of SARS-CoV-2 infection \[[@bb0130]\]. However, large infiltration of monocytes, putative precursors of alveolar macrophages, may cause severe lung inflammation \[[@bb0120],[@bb0125]\]. Interfering with upstream signals causing cytokine production can effectively dampen the occurrence of the cytokine storm \[[@bb0515]\]. The TLR- and inflammasome-mediated signaling inhibitors can induce monocytes and macrophages to secrete pro-inflammatory mediators. The targeting of the TLR-related pathways (such as using IRAK inhibitors) and targeting the inflammasomes may have beneficial therapeutic impacts \[[@bb0520],[@bb0525]\].

Interfering with cytokine-mediated signaling pathways could also significantly reduce hyperinflammation in patients with severe COVID-19. Inflammatory responses could be mitigated by targeting pro-inflammatory cytokines or their receptors. Several trials using IL-1 inhibitors, IL-6 inhibitors, TNF-α inhibitors and JAK inhibitors are ongoing \[[@bb0515]\].

Interfering with massive monocyte infiltration can also attenuate local tissue inflammation. It seems that pathological macrophages mainly derive from circulating monocytes that massively infiltrate the lungs and other organs rather than from tissue-resident macrophage populations. The targeting of monocyte/macrophage-attracting chemokines using small-molecule antagonists, neutralizing monoclonal antibodies and siRNA can modulate the monocyte/macrophage recruitment to the inflamed organ and prevent tissue injury \[[@bb0530]\]. The circulating CD14^+^ monocytes accumulate in inflamed tissues using the chemokine receptor CCR2 \[[@bb0535]\]. CCR2 blockade could potentially help to reduce the accumulation of pathological monocytes in inflamed tissues, although other CCR2-independent mechanisms may also contribute to the monocyte accumulation in tissues during severe inflammation. Treatment with anti-CCL2 neutralizing antibodies may interfere with the recruitment of monocytes and subsequent macrophage accumulation. For example, in a murine model of hepatocellular carcinoma, it has been demonstrated that the blocking of the CCL2/CCR2 axis using a CCR2 antagonist inhibits the recruitment of inflammatory monocytes, infiltration of the tumor-associated macrophages (TAMs) and M2 macrophage polarization, which support anti-tumor immune response \[[@bb0540]\]. Trial targeting CCR5, another chemokine receptor that regulates monocyte and T cell migration, have been initiated in patients with COVID-19 ([NCT04343651](NCT04343651){#ir0820}) \[[@bb0515]\]. The re-programming of pro-inflammatory macrophages to anti-inflammatory macrophages may be also considered in COVID-19. For example, GM-CSF is known as an inducer of M1 macrophage polarization and the therapeutic agents inhibiting GM-CSF are in phase I and II clinical trials in patients with rheumatoid arthritis \[[@bb0545]\].

Clinical trials using type I and type III IFNs have been initiated in COVID-19 patients to interfere with viral replication. The receptor of type III IFNs (IFN-λs) mainly expressed by epithelial cells and restricted types of leukocytes \[[@bb0550]\]. As receptor of type III IFNs has lower distribution compared to receptor of type I IFNs, thus IFN-λs can induce powerful local antiviral responses without triggering systemic harmful inflammatory responses. Therefore, the clinical use of IFN-λ in COVID-19 may be very promising, and clinical trials are undertaken ([NCT04331899](NCT04331899){#ir0825} and [NCT04343976](NCT04343976){#ir0830}) \[[@bb0550]\].

Although, IFNs may be protective during the early stages of the disease, the extended IFN-γ production could eventually cause macrophage hyperactivation. Trials have been initiated using IFN-γ inhibitors in COVID-19 patients suffering from respiratory distress and hyperinflammation ([NCT04324021](NCT04324021){#ir0835}) \[[@bb0515]\].

Identification of the exact organ-specific macrophages-related markers can provide unique determinants for targeting different macrophage subsets in certain organs. Novel drug delivery using nanoparticles could deliver therapeutic elements to tissue or specific macrophage subsets and exert manipulations with high specificity and low toxicity \[[@bb0555]\]. The monitoring of macrophage recruitment and responsiveness to drugs using noninvasive imaging methods like positron emission tomography is a great approach for promoting the delivery of drugs to macrophages \[[@bb0555]\]. Development of strategies to target infected monocytes and macrophages may also be considered. Mannosylated nanoparticles can selectively target macrophages via the mannose receptor (CD206) in vitro \[[@bb0560]\]. The beneficial effects of macrophage deletion using monoclonal antibody against M-CSF receptor have been also demonstrated in mouse models of colorectal adenocarcinoma and fibrosarcoma \[[@bb0565]\]. The safety, pharmacokinetics, pharmacodynamics, and anti-tumor activity of a human antibody against M-CSF receptor (AMG 820) in a human\'s phase I study of solid tumors were evaluated \[[@bb0570]\]. However, the singular treatment with AMG 820 exhibited weak antitumor activity. The manipulation of the macrophages using nanotechnology-based system exhibited promising beneficial effects in mouse models of tumors and inflammatory diseases \[[@bb0575]\].

Melatonin may also have the potentials to limit the COVID-19-related complications due to its anti-inflammation, anti-oxidative and immune-promoting properties \[[@bb0580]\]. Melatonin suppresses NF-κB, inhibits the production of the pro-inflammatory cytokines, and exerts anti-inflammatory effects through inducing the sirtuin-1 which downregulates the macrophage polarization toward the pro-inflammatory form that may prevent ARDS development \[[@bb0580]\].

A list of potential therapeutic agents with anti-viral, anti-bacterial, anti-parasitic, anti-proliferative-, anti-inflammatory-, immunosuppressive and immunomodulatory properties (experimental/repurposed) currently considered as potential candidates/employed for ongoing trials of COVID-19 management has been provided in [Table 1](#t0005){ref-type="table"} . The mechanism of action of the therapeutic agents has also been mentioned in [Table 1](#t0005){ref-type="table"}. Anti-viral agents have specific intervention points in crucial stages like viral entry, viral replication, translation of viral proteins, assembling of new virions and viral budding, etc. thereby they can suppress the multiplication of SARS-CoV-2 ([Table 1](#t0005){ref-type="table"} and [Fig. 3](#f0015){ref-type="fig"}A). Many therapeutic agents suggested for repurposing in the COVID-19 treatment are commercially available and their dosage, safety and toxicity in humans is well documented, due to years of clinical use. This can allow their rapid assessment in phase II- and III clinical trials \[[@bb0585]\].Table 1Therapeutic agents that are currently considered as potential candidates/employed for ongoing trials and the treatment of COVID-19 disease.Table 1DrugClass/small moleculesMechanismIndicationStatus for COVID-19/Clinical Trials-identifierAbacavirNRTIRNaseHHIV-1 infectionAbacavir + Lamivudine.AcalabrutinibKinase inhibitorsTyrosine kinase BTKMantle cell lymphomaRepurposing, Clinical Trial ([NCT04380688](NCT04380688){#ir0005}).ACEIs (Captopril)ACE inhibitorACERenovascular hypertensionRepurposing, Clinical Trial ([NCT04345406](NCT04345406){#ir0010}).AlmitrineDiphenylmethylpiperazine derivativeATP1A1Chronic obstructive pulmonary diseaseRepurposing, Clinical Trial ([NCT04357457](NCT04357457){#ir0015}).AmoxicillinPenicillin-like antibioticsPenicillin-binding proteinBacterial infectionsAzithromycin + amoxicillin/clavulanate\
Repurposing, Clinical Trial ([NCT04363060](NCT04363060){#ir0020}).AnakinraRecombinant proteinIL-1Ra antagonistNOMID, RARepurposing, Clinical Trial ([NCT04362111](NCT04362111){#ir0025}).Angiotensin (1--7)Heptapeptide--Peripheral blood cell abnormalitiesRepurposing, Clinical Trial ([NCT04332666](NCT04332666){#ir0030}).Anti-Corona VS2 immunoglobulinPurified hyper Ig--Convalescent COVID-19 hyper immunoglobulinRepurposing, Clinical Trial ([NCT04383548](NCT04383548){#ir0035}).ArtemisininSesquiterpene lactone--Anti-malarialRepurposing, Clinical Trial ([NCT04387240](NCT04387240){#ir0040}).ASC09FProtease inhibitorHIV-1 proteaseHIV type-1 infectionsCombinatorial ASC09F + Oseltamivir\
Clinical Trial ([NCT04261270](NCT04261270){#ir0045}).Ascorbic acidVitamin-c--Numerous[a](#tf0005){ref-type="table-fn"}Repurposing, Clinical Trial ([NCT04323514](NCT04323514){#ir0050}).AspirinNSAID, small moleculeCOX-1, COX-2Pain, fever, and inflammation\
Combination therapy of COVID(Aspirin+ Clopidogrel + Rivaroxaban + Atorvastatin + Omeprazole) Clinical Trial ([NCT04333407](NCT04333407){#ir0055}).AtazanavirProtease inhibitorsHIV-1 proteaseHIV-1 infectionPredicted/repurposing, CT ([NCT00084019](NCT00084019){#ir0060})AtorvastatinStatinsHMG-CoA reductaseDyslipidemiasRepurposing, Clinical Trial ([NCT04380402](NCT04380402){#ir0065}).AtovaquoneSmall moleculeCytochrome bAntimalarial, antipneumocysticRepurposing, Clinical Trial ([NCT04339426](NCT04339426){#ir0070}).AvdoralimabmAbAnti-C5aRCheckpoint-immunotherapiesRepurposing, Clinical Trial ([NCT04371367](NCT04371367){#ir0075}).AviptadilVasoactive intestinal polypeptide (VIP)--ARDS, ALI, Dyspnea, COVID-19Repurposing, Clinical Trial ([NCT04360096](NCT04360096){#ir0080}).AVM0703Small molecule--Lymphoma, immunostimulationExperimental, Clinical Trial ([NCT04366115](NCT04366115){#ir0085}).AzithromycinMacrolide antibioticsBacterial 23S rRNA (50S)SARS-CoV-2 infectionClinical Trials ([NCT04338698](NCT04338698){#ir0090})/([NCT04324463](NCT04324463){#ir0095}).Azoximer bromideImmunomodulator--Damage of the immune systemRepurposing, Clinical Trial ([NCT04381377](NCT04381377){#ir0100}).BaricitinibImmunosuppressantsJAK-1/2Rheumatoid arthritisRepurposing, Clinical Trial ([NCT04358614](NCT04358614){#ir0105}).BevacizumabmAbVEGF-ACancer-Chemo, ALI, ARDSRepurposing, Clinical Trial ([NCT04305106](NCT04305106){#ir0110}).BicalutamideAnti-androgensAndrogen receptorProstate cancerRepurposing, Clinical Trial ([NCT04374279](NCT04374279){#ir0115}).BLD-2660Small moleculeCalpain inhibitorsFibrosisRepurposing, Clinical Trial ([NCT04334460](NCT04334460){#ir0120}).BortezomibProteasome inhibitors26S proteasomeMultiple myeloma (MM)Patients with MM and COVID-19 together, Clinical Trial ([NCT00872521](NCT00872521){#ir0125}).BromhexineMucolytic agent--Respiratory disordersExperimental, Clinical Trial ([NCT04355026](NCT04355026){#ir0130}).CalcifediolVitamin D3 metaboliteVitamin D3 receptorRefractory rickets, hypocalcemiaCombinatorial BAT + Calcifediol\
Clinical Trial ([NCT04366908](NCT04366908){#ir0135}).Camostat MesilateSmall moleculeTM protease serine 2Chronic pancreatitisClinical Trial ([NCT04321096](NCT04321096){#ir0140})/([NCT04353284](NCT04353284){#ir0145}).CanakinumabmAbAnti-human-IL-1βCAPSRepurposing, Clinical Trial ([NCT04362813](NCT04362813){#ir0150}).CarfilzomibProteasome inhibitorsProteasome (β5 and β5i)Antineoplastic agentPredicted/repurposing.CarmofurPyrimidine analogueFAAH, SARS-CoV-2 M^pro^Antineoplastic agentPredicted via X-ray crystal structure studies.CarrimycinMacrolide antibiotic--Gram-positive bacteria, *Mtb*Repurposing, Clinical Trial ([NCT04286503](NCT04286503){#ir0155}).CD24FcImmunomodulator--GVHDRepurposing, Clinical Trial ([NCT04317040](NCT04317040){#ir0160}).ChalconeKetoneNumerous[a](#tf0005){ref-type="table-fn"}Broad activity spectrumCurrently undetermined for COVID-19.ChloroquineSmall moleculeACE2, TLR9, GST-1SARS-CoV-2 infectionRepurposing/experimental, numerous CTs\
Clinical Trial ([NCT04333628](NCT04333628){#ir0165})/([NCT04349371](NCT04349371){#ir0170}).ChlorpromazinePhenothiazine antipsychoticsDopamine receptorsAntipsychotic agent, anti-emeticRepurposing, Clinical Trial ([NCT04366739](NCT04366739){#ir0175}).CiclesonideCorticosteroidsGlucocorticoid receptorPerennial allergic rhinitisRepurposing, Clinical Trial ([NCT04381364](NCT04381364){#ir0180}).Cinanserin5-HT2CR-antagonist3C-like proteinaseSARS-CoV/HCoV-229EExperimental in vivo evidence.ClazakizumabmAbAnti-IL-6Psoriatic arthritisRepurposing, Clinical Trial ([NCT04348500](NCT04348500){#ir0185}).ClevudineSmall moleculeHBV polymeraseHepatitis BRepurposing, Clinical Trial ([NCT04347915](NCT04347915){#ir0190}).ClopidogrelThienopyridineP2Y12 ADP platelet receptorsMyocardial infarctionRepurposing, Clinical Trial ([NCT04368377](NCT04368377){#ir0195}).CM4620Small moleculeCRAC channelsPancreatitis; pneumoniaCM4620-injectable emulsion, CT ([NCT04345614](NCT04345614){#ir0200}).CobicistatCYP3A inhibitorsCYP3AHIV-1 infectionCombinatorial Darunavir + Cobicistat, Clinical Trial ([NCT04252274](NCT04252274){#ir0205}).ColchicineAnti-gout agentsMicrotubule inhibitorGout managementRepurposing, Clinical Trial ([NCT04326790](NCT04326790){#ir0210}).Cyclosporin AImmunosuppressantCalcineurinTransplant; COVID-19Repurposing, Clinical Trial ([NCT04341038](NCT04341038){#ir0215}).DanoprevirNS3/4A protease inhibitorGenome polyproteinHCV infectionCombinatorial Danoprevir + Ritonavir, Clinical Trial ([NCT04345276](NCT04345276){#ir0220}).DapagliflozinSGLT2 inhibitorsNa/glucose cotransporter 2Type 2 diabetes mellitusRepurposing, Clinical Trial ([NCT04350593](NCT04350593){#ir0225}).DarunavirProtease inhibitorGag-Pol proteinsHIV-1 infectionClinical Trial ([NCT04252274](NCT04252274){#ir0230})/([NCT04304053](NCT04304053){#ir0235}).DAS-181Recombinant proteinsSialic acidInfluenza virusRepurposing, Clinical Trial ([NCT04324489](NCT04324489){#ir0240}).DeferoxamineChelating agentsFe^2+^ chelating agentIron or aluminum toxicityRepurposing, Clinical Trial ([NCT04333550](NCT04333550){#ir0245}).Defibrotidess-OligosAdenosine receptor A1Sinusoidal obstruction syndromeRepurposing, Clinical Trial ([NCT04348383](NCT04348383){#ir0250}).DexamethasoneImmunosuppressantGlucocorticoid receptorBacterial infectionsRepurposing, Clinical Trial ([NCT04325061](NCT04325061){#ir0255}).DexmedetomidineSmall moleculeα2-Adrenergic agonistFor sedation of ICU patientsRepurposing, Clinical Trial ([NCT04350086](NCT04350086){#ir0260}).DFV890Small molecule--Multiple indicationsRepurposing, Clinical Trial ([NCT04382053](NCT04382053){#ir0265}).DisulfiramSmall moleculeADH/MERS-CoV PL^pr^Chronic alcoholismExperimental inhibition of SARS-CoV.Dornase alfaR-deoxyribonuclease IDNACystic fibrosisRepurposing, Clinical Trial ([NCT04359654](NCT04359654){#ir0270}).DoxycyclineTetracycline antibiotics16S ribosomal RNABacterial infectionsRepurposing, Clinical Trial ([NCT04371952](NCT04371952){#ir0275}).DuvelisibPI3-Kinase inhibitorPI-3-K γ/δChronic lymphocytic leukemiaRepurposing, Clinical Trial ([NCT04372602](NCT04372602){#ir0280}).EbselenOrganoselenium drugEPHX2/COVID-19 M^pro^--Computer-aided drug design.EculizumabmAbComplement C5Paroxysmal nocturnal hemoglobinuria (PNH)Repurposing, Clinical Trial ([NCT04346797](NCT04346797){#ir0285}).Eicosapentaenoic acid (EPA-FFA)PUFAProstaglandin G/H synthase 2Hyperglyceridemic subjectsRepurposing, Clinical Trial ([NCT04335032](NCT04335032){#ir0290}).EIDD-2801Isopropylester prodrugViral error catastropheSARS-CoV-2, MERS-CoVExperimental.ElbasvirHCV NS5A inhibitorsHCV NSP5AHepatitis CComputational/repurposing.ElvitegravirIntegrase inhibitorINSTIHIV-1 infectionUndetermined.EmodinTrihydroxyanthraquinoneCKIIαPolycystic kidneyExperimental for blocking S protein and ACE2 interaction/repurposing.EmtricitabineNRTIsHIV-1 reverse transcriptase/RNaseHHIV-1 InfectionCombinatorial Emtricitabine/tenofovir disoproxil Clinical Trial ([NCT04334928](NCT04334928){#ir0295}).EnoxaparinLMWHAntithrombin-IIIDeep vein thrombosisRepurposing, Clinical Trial ([NCT04366960](NCT04366960){#ir0300}).EnzaplatovirFusion inhibitorF proteinRespiratory syncytial virusUndetermined.EscinSaponins (triterpenoid)--Experimental anti-cancerRepurposing, Clinical Trial ([NCT04322344](NCT04322344){#ir0305}).EtoposidePlant alkaloidsDNA topoisomerase 2-αTesticular-tumor, SCLCRepurposing, Clinical Trial ([NCT04356690](NCT04356690){#ir0310}).FamotidineH2 blockersHistamine H2 receptorActive gastric ulcerCombinatorial HCQ + Famotidine, CT ([NCT04370262](NCT04370262){#ir0315}).FingolimodS1PR modulatorsS1PRSARS-CoV-2 virus, multiple sclerosisSARS-CoV-2 virus infection in MS patients.\
Clinical Trial ([NCT04280588](NCT04280588){#ir0320}).FluoxetineSSRIsSLC6A4Depressive disorder, OCDRepurposing, Clinical Trial ([NCT04377308](NCT04377308){#ir0325}).FluvoxamineSSRIsSLC6A4Obsessive-compulsive disorderRepurposing, Clinical Trial ([NCT04342663](NCT04342663){#ir0330}).FosamprenavirProtease inhibitorsHIV-1 proteaseHIV-1 infectionCandidate for 3CL-protease. CT ([NCT00094523](NCT00094523){#ir0335}).FT516hnCD16 Fc receptorADCC inductionCancer immunotherapyExperimental, Clinical Trial ([NCT04363346](NCT04363346){#ir0340}).GalidesivirPyrrolopyrimidinesRDRP disruptionZaire EbolavirusRepurposing, Clinical Trial ([NCT03891420](NCT03891420){#ir0345}).GimsilumabmAbGM-CSFRA, ARDSRepurposing, Clinical Trial ([NCT04351243](NCT04351243){#ir0350}).Human rsACE2Recombinant proteinInhibits virus attachmentSARS-CoV-2Repurposing, Clinical Trial ([NCT04287686](NCT04287686){#ir0355}).HydrocortisoneGlucocorticoidsGlucocorticoid receptorReducing inflammationRepurposing, Clinical Trial ([NCT04348305](NCT04348305){#ir0360}).HydroxychloroquineSmall moleculeACE-2, TLR7, TLR9Malaria, RA, SLEIn vitro SARS-CoV-2 inhibition, effective in COVID-19 patients. Numerous ongoing global Clinical Trials ([NCT04334928](NCT04334928){#ir0365}) / ([NCT04353271](NCT04353271){#ir0370}).IbrutinibKinase inhibitorsTyrosine kinase BTKB-cell non-Hodgkin lymphomaRepurposing, Clinical Trial ([NCT04375397](NCT04375397){#ir0375}).IfenprodilSmall moleculeNMDA1; GIRK channelsCerebral vasodilatorRepurposing, Clinical Trial ([NCT04382924](NCT04382924){#ir0380}).IFX-1mAbC5a--Repurposing, Clinical Trial ([NCT04333420](NCT04333420){#ir0385}).IMU-838Small moleculeDHODHCrohn\'s disease; MSRepurposing, Clinical Trial ([NCT04379271](NCT04379271){#ir0390}).IndinavirProtease inhibitorHIV-1 proteaseHIV-1 infectionPrediction via in silico molecular docking.IndomethacinNSAIDProstaglandin G/H synthase 1RA, ankylosing spondylitisCombinatorial HCQ + Zithromax oral product\
Clinical Trial ([NCT04344457](NCT04344457){#ir0395}).Interferon-β1aInterferonsJAK/STAT activationMS, SARS-CoV-2, MERSRepurposing, Clinical Trial ([NCT04343768](NCT04343768){#ir0400}).IsotretinoinRetinoidsRetinoic acid receptor γ/αRecalcitrant nodular acneRepurposing, Clinical Trial ([NCT04361422](NCT04361422){#ir0405}).IvermectinSmall moleculeGly-R-α3, GABA-Rβ3Intestinal strongyloidiasisRepurposing, Clinical Trial ([NCT04360356](NCT04360356){#ir0410}).LeflunomideDisease-modifying antirheumatic drugsDHODHRheumatoid arthritisRepurposing, Clinical Trial ([NCT04361214](NCT04361214){#ir0415}).LenalidomideImmunomodulatory drugsProtein cereblonMultiple myelomaRepurposing, Clinical Trial ([NCT04361643](NCT04361643){#ir0420}).LenzilumabAnti-hu GM-CSF mAbGM-CSFChronic myelomonocytic leukemiaRepurposing, Clinical Trial ([NCT04351152](NCT04351152){#ir0425}).LeronlimabmAbCCR5Anti-HIV, COVID-19Clinical Trials ([NCT04343651](NCT04343651){#ir0430})/([NCT04347239](NCT04347239){#ir0435}).LevamisoleAntihelminticnAChRα3Dukes\' stage C colon cancer, melanoma, and head/neck cancerCombinatorial Formoterol + Budesonide, Clinical Trial ([NCT04331470](NCT04331470){#ir0440}).LidocaineAnestheticsSodium channelsLocal anesthesiaIntubation and extubation I patients with COVID-19.LinagliptinDPP-4 inhibitorsDipeptidyl peptidase 4Type II diabetesRepurposing, Clinical Trial ([NCT04371978](NCT04371978){#ir0445}).LopinavirProtease inhibitorHIV-1 proteaseSARS-CoV-2 infectionIFN-β1b + lopinavir-ritonavir combination for COVID-19. Clinical Trial ([NCT04307693](NCT04307693){#ir0450}).LosartanAngiotensin receptor blockers (ARBs)Angiotensin-II-R (Type-1)HypertensionRepurposing, Clinical Trial ([NCT04335123](NCT04335123){#ir0455}).Low-dose interleukin-2InterleukinIL-2RTreg induced protection from SARS-CoV2-ARDSRepurposing, Clinical Trial ([NCT04357444](NCT04357444){#ir0460}).LY3127804mAbAngiopoietin 2ARDSRepurposing, Clinical Trial ([NCT04342897](NCT04342897){#ir0465}).MaribavirBenzimidazole ribosidesProtein kinase UL97Human cytomegalovirusUndetermined.MefloquineAntimalarialsFe(II)-protoporphyrin IXModerate acute malariaCombinatorial Mefloquine + azithromycin ± tocilizumab Clinical Trial ([NCT04347031](NCT04347031){#ir0470}).MelatoninBiogenic amineMelatonin receptor type 1AInsomniaRepurposing, Clinical Trial ([NCT04353128](NCT04353128){#ir0475}).MelphalanAlkylating agentDNAMM, ovarian cancer, melanoma, and amyloidosisRepurposing, Clinical Trial ([NCT04380376](NCT04380376){#ir0480}).MeplazumabAnti-CD147-hu-mAbInterleukin-5Severe eosinophilic asthmaRepurposing, Clinical Trial ([NCT04275245](NCT04275245){#ir0485}).MetenkefalinOpioid growth factor--Experimental anti-tumorsCombinatorial metenkefalin + tridecactide, Clinical Trial ([NCT04374032](NCT04374032){#ir0490}).MethylprednisoloneGlucocorticoidsGlucocorticoid-RCOVID-19 pneumoniaRepurposing, Clinical Trial ([NCT04273321](NCT04273321){#ir0495}).MontelukastLTRAsCLR1Anti-asthmaUndetermined.MRx-4DP0004Small molecule--Immunomodulators, asthmaRepurposing, Clinical Trial ([NCT04363372](NCT04363372){#ir0500}).N^4^-HydroxycytidineRibonucleoside analogueViral error catastropheSARS-CoV-2, MERS-CoVExperimental inhibition.N-803Small moleculeIL-15 receptor agonistAnti-cancerousRepurposing, Clinical Trial ([NCT04385849](NCT04385849){#ir0505}).*N*-acetylcysteineMucolytic agent--Paracetamol overdose, CF,COPDRepurposing, Clinical Trial ([NCT04374461](NCT04374461){#ir0510}).Nafamostat MesilateSerine protease inhibitorSerine proteaseLiver transplantRepurposing, Clinical Trial ([NCT04352400](NCT04352400){#ir0515}).NaltrexoneOpiate antagonistsDelta-type opioid receptorManaging opiate dependenceRepurposing, Clinical Trial ([NCT04365985](NCT04365985){#ir0520}).NaproxenNSAIDsPTGS1Rheumatoid arthritisRepurposing, Clinical Trial ([NCT04325633](NCT04325633){#ir0525}).NintedanibKinase inhibitorsReceptor tyrosine kinasesIdiopathic pulmonary fibrosisRepurposing, Clinical Trial ([NCT04338802](NCT04338802){#ir0530}).NitazoxanideSmall moleculePyruvate-flavodoxin oxidoreductaseDiarrhea, antiprotozoalCombinatorial CHQ + Nitazoxanide, Clinical Trial ([NCT04351347](NCT04351347){#ir0535}).Nitric oxideSmall moleculeSoluble guanylate cyclaseHypoxic respiratory failureRepurposing, Clinical Trial ([NCT04338828](NCT04338828){#ir0540}).NivolumabmAbPD-1Immune checkpoint therapyRepurposing, Clinical Trial ([NCT04343144](NCT04343144){#ir0545}).NT-17, IL-7InterleukinInterleukin-7 receptorImmunosenescence/stimulationClinical Trial ([NCT04380948](NCT04380948){#ir0550}).OlokizumabmAbIL-6Rheumatoid arthritisCombinatorial with RPH-104, Clinical Trial ([NCT04380519](NCT04380519){#ir0555}).OseltamivirNeuraminidase inhibitorsNeuraminidaseInfluenza A and BCombinatorial, Clinical Trial ([NCT04338698](NCT04338698){#ir0560}).OtilimabmAb--Rheumatoid arthritisRepurposing, Clinical Trial ([NCT04376684](NCT04376684){#ir0565}).OxytocinHormoneOxytocin receptorLabor inductionRepurposing, Clinical Trial ([NCT04386447](NCT04386447){#ir0570}).Pegylated IFN-λIFNsIFN-λRViral infections/anti-cancerousRepurposing, Clinical Trial ([NCT04343976](NCT04343976){#ir0575}).PlitidepsinDidemninsPutative eEF1A2Anti-neoplasticRepurposing, Clinical Trial ([NCT04382066](NCT04382066){#ir0580}).Poractant alfaSurfactant--Respiratory distress syndromeRepurposing, Clinical Trial ([NCT04384731](NCT04384731){#ir0585}).PovidoneSynthetic polymer--AntisepticRepurposing, Clinical Trial ([NCT04347954](NCT04347954){#ir0590}).PrazosinSmall moleculeα1-Adrenergic receptorHypertension, High BPRepurposing, Clinical Trial ([NCT04365257](NCT04365257){#ir0595}).Presatovir1-BenzoylpiperidinesF proteinRespiratory syncytial virusUndetermined for treatment of COVID-19.ProgesteroneHormoneProgesterone receptorEndometrial hyperplasiaRepurposing, Clinical Trial ([NCT04365127](NCT04365127){#ir0600}).Px12Small moleculeTrxR1Anti-cancerExperimental/computational.Pyridostigmine bromideAcetylcholinesterase inhibitorAcetylcholinesteraseMyasthenia gravisRepurposing, Clinical Trial ([NCT04343963](NCT04343963){#ir0605}).RaltegravirIntegrase inhibitorsHIV integraseHIV-1 infectionUndetermined.RamiprilACE inhibitorACEHypertensionRepurposing, Clinical Trial ([NCT04366050](NCT04366050){#ir0610}).RavulizumabmAbComplement 5 inhibitorParoxysmal nocturnal hemoglobinuriaRepurposing, Clinical Trial ([NCT04369469](NCT04369469){#ir0615}).RBT-9 (Stannous Protoporphyrin)Metalloporphyrins--Serum bilirubin quencherClinical Trial ([NCT04364763](NCT04364763){#ir0620}).Recombinant TPARecombinant proteinPlasminogenAcute myocardial infarctionRepurposing, Clinical Trial ([NCT04356833](NCT04356833){#ir0625}).RemdesivirSmall moleculeViral RNA polymerasesSARS-CoV-2 infectionClinical improvement in COVID-19 patients. Clinical Trial ([NCT04292899](NCT04292899){#ir0630}).Remestemcel-LStem cells--GVHDRepurposing, Clinical Trial ([NCT04366830](NCT04366830){#ir0635}).ResiniferatoxinCapsaicin analogueTrpV1Interstitial cystitisUndetermined.Resistant Starch------Repurposing, Clinical Trial ([NCT04342689](NCT04342689){#ir0640}).ResveratrolPhytoalexinNucleocapsid (N) proteinMERS-CoVExperimental MERS-CoV inhibition.RibavirinNucleoside analoguesIMPDH inhibitor/RdRPHep C, RSV, SARS-CoV-2Repurposing. Clinical Trial ([NCT04276688](NCT04276688){#ir0645}).Ringer\'s acetateIsotonic crystalloid--Low blood volume or low BPRepurposing, Clinical Trial ([NCT02765191](NCT02765191){#ir0650}).RitonavirProtease inhibitorHIV-1 proteaseHIV-1 infectionRepurposing, Clinical Trial ([NCT04321174](NCT04321174){#ir0655})RuxolitinibKinase inhibitorsTyrosine kinase JAK1MyelofibrosisRepurposing, Clinical Trial ([NCT04355793](NCT04355793){#ir0660}).SaquinavirProtease inhibitorHIV-1 proteaseHIV-1 infectionComputationally predicted.SargramostimrHu GM-CSFGMCSF-RαImmunostimulatorRepurposing, Clinical Trial ([NCT04326920](NCT04326920){#ir0665}).SarilumabmAbHuman anti-IL-6RSevere reactive RARepurposing, Clinical Trial ([NCT04359901](NCT04359901){#ir0670}).SelinexorSelective Inhibitor of Nuclear Export (SINE)XPO1Refractory multiple myelomaRepurposing, Clinical Trial ([NCT04349098](NCT04349098){#ir0675}).SevofluraneGeneral anestheticsGABA-AR1General anesthesiaRepurposing, Clinical Trial ([NCT04359862](NCT04359862){#ir0680}).SildenafilPhosphodiesterase (PDE) inhibitorscGMP-specific 3′,5′-cyclic phosphodiesteraseErectile dysfunction, pulmonary hypertensionRepurposing, Clinical Trial ([NCT04304313](NCT04304313){#ir0685}).SimvastatinStatinsHMG-CoA reductaseHyperlipidemiaCombinatorial Ruxolitinib + Simvastatin, Clinical Trial ([NCT04348695](NCT04348695){#ir0690}).SirolimusImmunosuppressantsmTOROrgan transplantationRepurposing, Clinical Trial ([NCT04341675](NCT04341675){#ir0695}).SirukumabmAbIL-6Rheumatoid arthritisRepurposing, Clinical Trial ([NCT04380961](NCT04380961){#ir0700}).SpironolactonePotassium-sparing diureticsMineralocorticoid receptorClass III-IV heart failureRepurposing, Clinical Trial ([NCT04345887](NCT04345887){#ir0705}).TAK-981Small moleculeSUMO inhibitorSolid tumors or lymphomasRepurposing, Clinical Trial ([NCT03648372](NCT03648372){#ir0710}).TD-0903Kinase inhibitorsJAKAcute lung injuryRepurposing, Clinical Trial ([NCT04350736](NCT04350736){#ir0715}).TDZD-8Thiadiazolidine derivativeGSK-3β inhibitor--Undetermined.TelmisartanAngiotensin receptor blockers (ARBs)AT~1~ receptorHypertension, type-2 DMRepurposing, Clinical Trial ([NCT04355936](NCT04355936){#ir0720}).TetrandrineBis-benzylisoquinoline alkaloidP-glycoprotein 1Experimental anti-cancer agentRepurposing, Clinical Trial ([NCT04308317](NCT04308317){#ir0725}).ThalidomideImmunomodulatory drugsProtein cereblon, TNFErythema nodosum leprosumRepurposing, Clinical Trial ([NCT04273529](NCT04273529){#ir0730}).TideglusibThiadiazolidinoneGSK-3β inhibitorAlzheimer diseaseUndetermined.TinzaparinLMWHAntithrombin-IIIPulmonary embolismRepurposing, Clinical Trial ([NCT04344756](NCT04344756){#ir0735}).TipranavirProtease inhibitorHIV-1 proteaseHIV-1 infectionPredicted/molecular docking.TirofibanAntiplatelet drugIntegrin α-IIbAcute coronary syndromeRepurposing, Clinical Trial ([NCT04368377](NCT04368377){#ir0740}).TJ003234Anti-GM-CSF mAbGM-CSFCytokine stormClinical Trial ([NCT04341116](NCT04341116){#ir0745}).TMC-310911Small moleculeHIV-1 proteaseSARS-CoV2, HIV-1Investigative treatment.TocilizumabmAbIL-6RαAnti-inflammatoryCytokine storm in COVID-19 patients, Clinical Trial ([NCT04317092](NCT04317092){#ir0750}).TradipitantAryl-phenylketonesNeurokinin 1 (NK1) receptor antagonistEczema, pruritus, gastroparesisRepurposing, Clinical Trial ([NCT04326426](NCT04326426){#ir0755}).Tranexamic acidAntifibrinolyticsPlasminogenHemophiliaRepurposing, Clinical Trial ([NCT04338126](NCT04338126){#ir0760}).TriazavirinNNRTIsGN analogueSARS-CoV-2 and H5N1Investigative treatment.TriiodothyronineHormoneTHR-α/βHypothyroidismRepurposing, Clinical Trial ([NCT04348513](NCT04348513){#ir0765}).UmifenovirFusion inhibitorsViral proteins and lipidsInfluenza, SARS-CoV2 infectionAdjunctive treatment of COVID-19.\
Repurposing, Clinical Trial ([NCT04350684](NCT04350684){#ir0770})ValsartanAngiotensin receptor blockers (ARBs)AT2 receptorMyocardial infarctionRepurposing, Clinical Trial ([NCT04335786](NCT04335786){#ir0775}).VerapamilCa^2+^ channel blockersL-type calcium channelsPrinzmetal\'s anginaRepurposing, Verapamil, and Amiodarone, Clinical Trial ([NCT04351763](NCT04351763){#ir0780}).XiyanpingAndrographolide sulfonate--Anti-inflammatory and antiviralCotreatment with Lopinavir/ritonavir, Clinical Trial ([NCT04295551](NCT04295551){#ir0785}).ZanubrutinibImmune checkpoint inhibitorsTyrosine kinase BTKMantle cell lymphomaRepurposing, Clinical Trial ([NCT04382586](NCT04382586){#ir0790}).ZilucoplanMacrocyclic peptide inhibitorComplement component 5IMNM, MG, ALSRepurposing, Clinical Trial ([NCT04382755](NCT04382755){#ir0795}).[^1]

8. Conclusion {#s0050}
=============

In mucosal respiratory infections, alveolar macrophages serve as the first anti-viral defense through production type I IFNs. Monocytes/macrophages are the principal leukocytes attracted to the alveolar space in the initial response to respiratory viral infection. Monocytes and macrophages may be directly infected by SARS-CoV-2 through ACE2-dependent process or indirectly infected via ACE2-independent pathways using L-SIGN, DC-SIGN, CD147, ADE, and phagocytosis of virus-containing apoptotic bodies. SARS-CoV-2 can effectively suppress the anti-viral IFN response in monocytes and macrophages. As DCs, monocytes, and macrophages can act as APCs, the SARS-CoV-2 infection of these cells impairs the anti-viral adaptive immune responses. Upon infection, monocytes migrate to tissues where they become infected resident macrophages, allowing viruses to spread through all organs and tissues. Both infected- and uninfected macrophages can be found in the lungs of patients with COVID-19. Monocytes and macrophages can communicate with other cell types via direct cell-cell contacts, leading to the virus dissemination. The SARS-CoV-2-infected monocytes and macrophages can produce large amounts of numerous types of pro-inflammatory cytokines and chemokines, which contribute to the local tissue inflammation and dangerous systemic inflammatory response as named cytokine storm. Low expression of ACE2 by monocytes/macrophages of COVID-19 patients may also promote pathological reactions due to pro-inflammatory properties of angiotensin II and dysfunction of the renin-angiotensin system (RAS). Both local tissue inflammation and cytokine storm play a fundamental role in the development of COVID-19-related complications, such as ARDS, which is the main cause of death in SARS-CoV-2-infected patients ([Fig. 3](#f0015){ref-type="fig"}B).

Although the modulation of macrophage activation may be considered as a promising therapeutic approach for COVID-19, a better understanding of macrophage polarization and heterogeneity during COVID-19 is required. Moreover, the patterns of the macrophage polarization may vary during the different stages of the COVID-19 and need to be clarified in future researches. Various types of macrophages can perform a decisive role in the outcome of the COVID-19. Since macrophage polarization is a reversible process, it is necessary to clarify the factors affecting macrophage plasticity during COVID-19 and how to manipulate macrophage plasticity in a favourable direction. Moreover, macrophages from different organs may express different markers. The better understanding of which subsets of monocytes/macrophages drive disease pathology is important for the development of proper therapeutic interventions \[[@bb0515]\].
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